A complete understanding of the role of grain-scale particle-flow interaction in sediment 5 entrainment and transport has still not been achieved in spite of recent technological advancement 6 in measurement capabilities. In this study the initial motion of natural sediment particles in a gravel 7 deposit was detected and combined with simultaneous local measurements of the velocities on a 8 horizontal plane located above the bed surface using a three-component stereoscopic PIV. A series of 9 experimental tests with increasing low values of boundary shear stress were conducted. The 10 acquisition system allowed coupling between streamwise and vertical near-bed velocity and the 11 entrainment of more than 900 individual grains. Initial analysis agreed with previous observations on 12 the predominance of sweeps (Quadrant IV) and to a lesser extent of outward interactions (Quadrant 13 I) in entraining gravel particles. However, the latter were found to move sediments just as efficiently 14 as sweeps impacting on particles that had long periods of rest and so were exhibiting higher levels of 15 stability. This behavior suggests that sweep-induced lift based on Bernoulli's principle does not 16 entirely explain the generation of vertical forces on highly stable bed particles. Closer inspection of 17 the data revealed that many entrainments were correlated to occasions when stable bed grains 18 interacted with grains travelling in their close vicinity. Around 30% of the entrained population was 19 observed to initiate motion in this type of situation. For this subsample of entrainment events 20 outward interactions were found to be comparatively more effective than for the non-interference 21 case, while the relative contribution of sweeps exhibited an opposite trend. 22
INTRODUCTION 24
It is broadly recognized that grain entrainment occurs when pressure gradients around a surface 25 particle generate drag and lift forces of sufficient magnitude and duration that exceed some critical 26 threshold thus dislodging grains from their rest position. The turbulent nature of the local flow field, 27 although organized in repeating and coherent flow patterns (Kline et al. 1967) , and the evidence that 28 the forces that resist motion are not a simple function of the submerged grain weight (Kirchner et al. 29 1990 ) are two key elements that render the entrainment of sediments in rivers an intermittent and 30 almost random process as documented by Drake et al. (1988) . The pioneering studies by Einstein 31 (1950) , Sutherland (1967) and Grass (1970) have contributed to the development of modeling 32 approaches that described particle entrainment using probabilistic concepts (e.g., Cheng Recently, two additional aspects were experimentally investigated that characterize physical 36 interactions at the sediment-flow interface. First, it was clarified that the duration of the 37 hydrodynamic forces, not only their magnitude, is important in determining whether a grain will be 38 entrained, thus arguing that a threshold criterion would be better described by an impulse rather 39 than a force balance (Diplas et al. 2008; Celik et al. 2010 ; Valyrakis et al. 2010 ). Second, while most 40 past investigations have assumed turbulent flow and bed particle arrangement to be statistically 41 independent, evidence was found that they have dependence (Papanicolaou et al. 2001 ; Dey et al. 42 2011a; Tregnaghi et al. 2012a) . 43 There still exist questions on the relative contribution that different types of coherent flow 44 structures, defined through the decomposition of the Reynolds Stress into four quadrants, hereafter 45 denoted as Q-I, Q-II, Q-III and Q-IV (Lu and Willmarth 1973) , actually play in terms of particle 46 entrainment. While Sutherland (1967) formerly recognized the importance of flow structures on the 47 initial motion of sediments, Heathershaw and Thorne (1985) and Nelson et al. (1995) were among 48 the first who experimentally demonstrated a quantitative correspondence between turbulent bursts 49 and the dislodgment of particles from the bed surface. Both studies reported that the pickup of 50 sediments was found to be correlated to the instantaneous value of the streamwise velocity (Q-I and 51 Q-IV events), although sweeps (Q-IV) were considered to be predominant due to their higher 52 frequency of occurrence. More recently, Dwivedi et al. (2011a) established that sweeps were 53 associated with higher-magnitude lift and drag forces than those associated with outward 54 interactions (Q-I), thus suggesting the latter were of less importance in supplying bedload flux. 55
Similar conclusions can be found in Dey et al. (2011b) , however earlier observations by Heathershaw 56 and Thorne (1985) revealed that outward interactions, although weaker and less frequent than 57 sweeps, are still capable of causing sediment movement at intermediate (i.e., not extreme) values of 58 the local velocity fluctuations. 59
These findings partly reflect a lack of a complete understanding of the processes that generate 60 hydrodynamic forces on grains. While it is quite well accepted that the instantaneous drag force 61 strongly correlates well with the instantaneous streamwise velocity (Schmeeckle et al. 2007 ), the 62 mechanism contributing to the lift term lacks such a complete understanding. Detert et al. (2010) 63 found that high-speed fluid patterns were associated with pressure-drop events, which is consistent 64 with the suggestion that sweeps are the dominant cause of bedload flux. On the other hand, 65 Schmeeckle et al. (2007) reported that the vertical force was not dominantly determined by Bernoulli 66 pressure differences across the particle as they measured poor correlation between the streamwise 67 velocity and lift force, as observed also by Dwivedi et al. (2011b) for low particle exposures. This 68 uncertainty is dramatically increased by the evidence that the rate of grain entrainment is highly 69 sensitive to very modest changes in flow conditions for near-threshold conditions (Nelson et al. 1995; 70 Sumer et al. 2003) . 71
In all these studies velocity or force measurements were made at a single point or on a solitary 72 particle having fixed or unnatural pocket geometry. No spatial observations were made of the fluid 73 velocities linked to the initial grain motion over natural beds, and little attention was given to the 74 role of local surface irregularities in the response of different grains to turbulent events generating 75 submergence by setting the water depth to h u = 100 mm. Tests with increasing boundary shear stress 102 levels were achieved by adjusting the slope and flow rate to attain uniform flow. Conditions ranging 103 from close to the threshold of motion to up to 1.5 times the critical Shields' parameter τ * C = 0.057 104 (Shields 1936) were used. Table 1 shows the main hydraulic parameters for the three tests analyzed,  105   namely T1, T2 and T3.  106 A stereoscopic two-camera PIV (Particle Image Velocimetry) system was used allowing for the 107 reconstruction of the three-component velocity vector on a horizontal plane above the bed. This was 108 combined with a synchronized third camera devoted to grain tracking. The recording system 109 measured above a bed area of 220 mm by 40 mm located on the centerline of the flume 6.70 m from 110 the inlet as illustrated in Figure 1a . The size of the observation area was selected as a compromise 111 between attaining a sediment-size spatial image resolution and detecting a statistically significant 112 number of grains over a representative area of the bed surface. A glass sheet was located at the 113 selected water depth to prevent image distortion due to water surface oscillations. The floating 114 panel was designed such as to produce negligible interference as it was typically immersed by < 2 115 mm and caused no larger surface waves in the wake than those generated by the free water surface, 116 without significantly affecting the flow in the near bed as discussed by Detert The bed grain camera-1 was synchronized with the PIV recording system and focused on the 139 sediment bed surface in order to detect individual grain motion. The bed was illuminated by a white 140 strobe light that was triggered at the leading edge of the second laser pulse such as the image of the 141 bed was captured at the time of the second PIV frame. Individual grain entrainment, movement and 142 deposition were identified by direct inspection of the image sequences. The grain diameter d and the 143 position of the grain centroid (X G , Y G ) along its motion was determined through the identification of a 144 bounding box around the grain at each time step. Initial inspection of the images revealed that a 145 significant proportion of grains (approx 30%) were observed to be entrained due to collision with or 146 interference by other moving grains, while some grains were observed to leave their rest position a 147 few frames (around a few hundredths of a second) after the passage of a moving grain in their 148 vicinity (i.e., within 1-diameter distance). 149
In total 18000 frames for the three experiments (corresponding to approximately 2 minutes for 150 each test) were processed resulting in nearly 900 identified entrainment events. Closer inspection of 151 bed images revealed that some grains were considered at rest while they were actually re-arranging 152 their positions by shaking and rolling around their center, thus not fully achieving a proper condition 153 of rest. A threshold equal to 0.2 s (corresponding to 10 frames) was imposed as the minimum rest 154 time to exclude these 'biased' entrainment events from the statistics. The next section discusses how 155 grain displacements were associated with the near-bed flow field by correlating individual 156 entrainment events to the 'instantaneous' velocity vector fluctuations measured at the closest 157 position of the projection of the grain centroid on the laser plane, i.e. at (
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Double-averaged Turbulence Intensity and Conditional Reynolds Shear Stresses 160
The PIV dataset includes the time series of the streamwise, lateral and stream-normal velocity 161 components (namely u, v and w) that are also distributed over the whole area of observation. Each 162 with   u w being the scaling shear stress term averaged over the area of observation (Table 2) , and 234 N the number of measurements or of detected particle entrainments. Figure 3a shows an alternate conclusion in that the higher the value of |S i,H | the more likely for a particle to be 241 entrained, as in this latter case outward interactions become relatively more important, although 242 sweeps still predominate. Denoting now E i as the fraction of sediment entrained by the i-type 243 structure, we define the ratio η i = E i /T i as the entrainment efficiency. Comparison between this and 244 previous studies reported in Table 3 provides evidence that although sweeps move more sediment 245 than outward interactions, individually, the latter exhibit comparable or even higher efficiencies. 246
Conditional Turbulence Intensity and Grain Stability and Interference Effects 247
High streamwise velocity fluctuations have been previously recognized to play a major role in grain 248 entrainment. However results reported in this and in previous research are conflicting with other 249 more recent works that see sweeps as the dominant mechanism as they are not only more frequent 250 but also because are capable to generate larger form drag and lift due to Bernoulli pressure 251 
u , increases up to 50% for t REST ≥ 8 s (see Figure 4b ). Sweeps were found to 280 maintain fairly constant or slightly decreasing efficiency (η IV = 1.50 to 1.60) in removing the more 281 sheltered particles by strengthening those forces that are commonly associated with higher 282 streamwise velocity fluctuations. This is consistent with the mechanism described by Dwivedi et al. 283
(2011a). Unexpectedly, the entrainment efficiency of outward interactions was found to increase for 284 longer particle rest times, with η I ranging approximately from 1.35 up to 1.70 for t REST ≥ 8 s (see Table  285 4). The result has no obvious explanation, thus the same analysis was performed for the conditional 286 turbulence intensity due to the vertical component. Figure 5a A similar analysis was carried out only for those grains that were seen to initiate motion after 296 interference caused by other moving particles. Table 4 moved by forces that have sufficiently larger magnitude than those generated by the mean flow but 318 relatively smaller than the relevant extreme values, which, in turn, lead both sweeps and outward 319 interactions to attain comparable entrainment efficiencies. A more subtle result is the observed 320 increase of the efficiency of outward interactions with increasing particle stability. A possible 321 explanation is that the vertical force is not adequately predicted solely by Bernoulli pressure 322 differences. 323
According to Schmeeckle et al. (2007) , an approximation of the hydrodynamic force F H exerted on 324 the particle by the fluid can be obtained from the momentum balance of a particle: 325
where A and V are the projection area and the volume of the particle, respectively; U and Ω the total 327 velocity and vorticity of the fluid; C D and C L empirical drag and lift coefficients; D/Dt and  V denote, 328 respectively, material derivative and average over the particle volume. The three terms on the right-329 hand side are the hydrodynamic drag, the hydrodynamic lift, and a force that arises from the 330 acceleration of the fluid. Further assumptions on dominant terms lead the vertical components of 331 the first two forces of Eq.(4) to be approximated as (van Radecke and Schulz-DuBois 1988): 332
Here the first term on the right-hand side represents the quasi-steady lift due to vertical velocity 334 fluctuations (namely the wake-induced lift) and the second term is Bernoulli's lift. Dwivedi or the form lift produced by particle shape, which is not accounted for in Eq.(4), were supposedly 340 responsible for such departure. 341
If a turbulent structure produces high pressure on the bottom of the particle and a low pressure 342 on the top, the vertical acceleration force is large and a high-lift event will occur, although any 343 discussion on this term is rather speculative at this stage as no clear experimental evidence can be 344 found in previous studies. Noting that 345 (Q-I) and low (Q-IV) values were found also in the experiments by Heathershaw and Thorne (1985) , 363
here reported in Table 3 where D is the sensor distance from the lens and 2θ y is the angle of view in the Y-direction (Fig. 6) . 394
Denoting with d = (dx, dz) the distance of the lens from the field of view, the size of the area of 395 observation along the streamwise and crosswise directions is given as: 396 The two PIV cameras were mounted at a distance d = 1456 mm from the bed with an opening angle 400 2α = 32 degrees, such as that the area of observation of each camera was 259-mm-long and 48-mm-401 wide. This extension was then reduced to the intersection of the sampling areas of the two camera 402
views corresponding approximately to 220x40 mm. The minimum detectable displacement along the 403 X-direction, ∆x min , resulted in the maximum uncertainty associated with the streamwise component 404
where ∆x p = 0.15 pixels is the estimated sub-pixel accuracy of the cross-correlation algorithm (Raffel 407 et al. 2007) , and ∆t L = 2 ms the time between laser pulses. The error estimates for the three velocity 408 component are then ε u = ±12.4 mm/s, ε v = ±11.9 mm/s and ε w = ±43.5 mm/s respectively, where: 409 
